Bacterial luminescence has been shown to involve FMNH2, a straight-chain fatty aldehyde, 02, and bacterial luciferase.'-3 Progress has also been made recently on the nature of some of the intermediates involved in the bioluminescent oxidation of FMNH2 by bacterial luciferase. 4 We wish to report the crystallization of bacterial luciferase by methods which result in high yields of the enzyme from starting material that can be stored for years without loss of activity. Evidence for the existence of active subunits and some properties of the enzyme are also reported.
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were collected every 10 min. After concentration of the eluted luciferase (fractions 37-64 by precipitation with ammonium sulfate (0-80% saturation), crystallization was achieved by dissolving the precipitate in, and dialyzing against 10% (w/v) ammonium sulfate, pH 7.3, which contained 0.001 M EDTA and 0.001 M MSH. This ammonium sulfate concentration was increased by 1% every 12 hr. Most of the activity crystallized out when the solution was 40-50% saturated ammonium sulfate. The crystals were collected by centrifugation and dissolved in 10% ammonium sulfate, pH 7.3, which contained 0.001 M EDTA and 0.001 M mercaptoethanol. In this condition, and at a concentration of 25 mg/ml, luciferase is stable for months at 2-40C. Table 1 is a summary of these purification steps. Assay methods consisted of injecting catalytically reduced FMN into an otherwise complete system.' Final concentrations were 1 X 10-2 M mercaptoethanol; 3.9 X 10-4 M FMNH2; 1 X 10-2 M Na2HPO4-KH2PO4 buffer, pH 7.3; 2 X 10-5 M dodecyl aldehyde; 2.4 mg bovine serum albumin; and 0.05 ml of enzyme in a total volume of 1.23 ml.
Absorption spectra were determined on a Cary model 14 recording spectrophotometer. Electrophoretic analyses were performed using a model 38A electrophoresis apparatus made by the Perkin-Elmer Corporation. A Beckman model E analytical ultracentrifuge was utilized in the determination of sedimentation constants and sedimentation equilibrium.
Results and Comments.-Purification and yield of luciferase: As shown in Table 1 , the crystalline enzyme represents 1.7 per cent of the total soluble protein in the crude material. This value is a minimum one since 20-30 per cent of the total units appear in other fractions during purification. Thus the theoretical recovery and purification are slightly exceeded-indicative of partial inhibition by substances in the crude extract. The over-all recovery is probably in the range of 70-80 per cent, and the yields are routinely high. Crystalline luciferase is shown in Figure 1 . The crystals appear rhombohedral.
Absorption spectra: As illustrated in Figure 2 , absorption in the ultraviolet region of the spectrum at pH 7.5 indicates an absorption maximum at 277 mjA and that the preparation is essentially devoid of nucleic acids. Although not seen here because of enzyme dilution, there is an absorption shoulder at 315 m,4. If the pH is adjusted to 12.5, the absorption maximum shifts from 277 to 288 mgA, which is indicative of considerable amounts of tyrosine in the enzyme.7 In the visible region of the spectrum the only noticeable absorption is a shoulder located at 415 m1A.
Homogeneity studies: (1) Ultracentrifuge analysis: Sedimentation studies on luciferase were complicated by the existence of a monomer-polymer equilibrium. Three different crystalline luciferase preparations, from different cell batches, were used for these studies and labeled I, II, and III. All three preparations studied could be broken down to a monomer of s20,w of 2-2.5S. All the sedimentation studies, unless otherwise specified, were run in 10 per cent ammonium sulfate, pH 7.3; 0.001 M in EDTA and mercaptoethanol. The sedimentation patterns of preparations I and II of luciferase are shown in Figure 3 , and the concentration dependence is shown in Figure 4 . The main peak of luciferase II had an s20w of 4.3 at infinite dilution, while the extrapolated value for luciferase I would have been 4.9 (two points), but on standing, the luciferase I preparation reverted to a 4S species similar to luciferase II (see Fig. 4 ; the points between 2 and 3 mg/ml were run last). The slow peaks of luciferase I and II had s20,w's of 2.2 and 1.9, respectively, at 5 mg/ml concentration. The amount of this slow species increased with the age of the preparation. Preparation I was 85 per cent 4S, 15 per cent 2S, while preparation II was 79 per cent 4S and 21 per cent 2S according to the area under the peaks.
The concentration dependence of the sedimentation coefficient of luciferase III is shown in Figure 5 . weight at zero time using a v of 0.734.1o The molecular weight at the meniscus decreased with time, reaching approximately 30,000 at 3.5 hr, which can be regarded as a maximal value of the size of the 2S species. Similarly, assuming that 58,000 is a weight average of material consisting of 79 per cent 4S, we have 68,000 as an estimate of the size of the 4S species, using 19,000 as the molecular weight of the monomer (Table 2) . Additional monomer present but not measured by the area under the peak because of a fast monomer-polymer equilibrium would tend to raise this value. 8 The uncertainty in the protein concentration at the meniscus is reflected in an uncertainty of about 20 per cent in the molecular weights. The apparent molecular weight of the aggregate was greater than 100,000, and consequently its concentration at the meniscus was negligible at later times. A series of velocity sedimentation studies was conducted on luciferase II in 0.01 M sodium dodecyl sulfate (SDS). The detergent dissociated the enzyme into a single homogeneous species in the centrifuge. Sedimentation coefficients were measured and diffusion coefficients calculated from boundary spreading during sedimentation. These values have been combined to give a molecular weight assuming no SDS bound, and assuming all of the SDS was bound to the protein. The data are shown in Table 2 . As the protein concentration decreases, the assumption that all the SDS can be regarded as bound becomes less valid. The best estimate of the molecular weight of the monomer from the data in Table 1 would be 19,000 A 3,000.
(2) Electrophoretic analysis: Figure 6 shows a schlieren pattern of a 1 per cent luciferase II solution obtained in the descending limb of the Tiselius cell. This pattern is typical from pH 6.5 to 8.0 and with protein concentrations of 0.5-1 per cent. There is considerable broadening of the boundary with time, and we attribute this to a monomer-polymer equilibrium as indicated by the ultracentrifugational analysis. This concept is supported by the fact that after dialysis against buffers containing 0.01 M SDS the schlieren pattern remains sharp and as a single peak after 2 hr. Thus when we take into account the equilibrium phenomenon that exists, it appears that our luciferase preparation is probably homogeneous by electrophoretic analysis as well as in the ultracentrifuge.
The mobility at pH 7.0 was calculated to be -7.3 X 10-5 Cm2 V-1 sec-1. Properties of the enzyme: Bioluminescent oxidation of FMNH2 and reduced pyridine nucleotides: Solutions of the crystalline enzyme will catalyze the bioluminescent oxidation of FMNH2 in the presence of long-chain aldehydes and 02, as has been observed with partially purified preparations. ' The relationship between DPNH oxidase and luciferase activities in Ph. fischeri is not fully understood,"' 12 and we have made some additional observations that bear on this point.
During purification on DEAE-cellulose, two quite different FMN-dependent DPNH oxidases are removed from the column. One of these (DPNH oxidase I) is removed from the column (fractions 11-25) prior to the elution of luciferase (fractions 37-64). The other (DPNH oxidase II) appears in column fractions along with luciferase, although its removal from the column precedes that of luciferase by one to three 10-ml fractions. Thus there is slight separation of luciferase from DPNH oxidase II on DEAE, but for the most part these two enzymes seem to be closely associated. The once recrystallized enzyme will still produce light with DPNH (or TPNH) + FMN.
As mentioned previously, sucrose gradient analysis reveals 2, 4, and 5S species. The 2 and 4S species both show luciferase activity, but the specific activity of the 4S species is greater than that of the 2S species by an order of magnitude. Interestingly enough, DPNH oxidase activity appears in the 2S but not in the 4S species. Although these two activities frequently follow one another, they are sometimes displaced by one tube (3% of the gradient). This supports the idea that there are at least two monomers with a molecular weight of approximately 19,000 each (according to ultracentrifuge data), one being luciferase and the other DPNH oxidase. The relationship between these and the native enzyme is being investigated.
A luciferase preparation which is homogeneous in the centrifuge, with a sedimentation rate of 5.15S has been reported by Riley to have a molecular weight of 76,000.9 This is probably identical to our 5S species, and is presumably formed by four 19,000 mol wt monomers. Our data suggest that the 4S species lacking DPNH oxidase activity is also composed of 4 monomers, although a trimer might be more satisfactory.
Metal content: Using a Perkin-Elnmer model 214 atomic absorbing spectrophotometer, it was possible to survey a wide variety of metals at a luciferase concentration 25 mg/ml, which was high enough (by 1-2 orders of magnitude) to detect a significant concentration of any of the metals tested. In no case were the concentrations of magnesium, manganese, iron, copper, molybdenum, zinc, calcium, or cobalt above 0.1 moles/mole of enzyme.
